Abstract. Marine structures are mostly constructed on deep foundations, namely largediameter piles. Such support structures are driven into deposits of saturated granular soil, vulnerable to liquefaction under loadings of dynamic nature, e.g. earthquakes. Although numerous studies have been accomplished to obtain a comprehensive understanding of their performance during liquefaction, a conclusive study has not been presented for the speci c case of large-diameter piles under a clay layer. This issue has great importance in the case of o shore wind turbines, since they are very sensitive to dynamic loadings. In this study, a 3D FEM model was constructed by OpenSeesPL to explore soil and pile responses throughout liquefaction. To capture the precise behavior, a constitutive law based on a multi-surface plasticity was utilized for soil. The described model used in this study is capable of accurate prediction of sand behavior in undrained conditions. Di erent scenarios were tested: variations in pile dimensions, loading frequency, and in uence of clay layer. Sensitivity analyses show that loading frequency, presence of clay layer, and pile diameter could signi cantly a ect the behavior of large-diameter piles in saturated soil conditions.
Introduction
Marine environments, including o shore and nearshore areas, river paths, and their neighboring banks, are typically covered with loose deposits of saturated soil. Wharves, bridges, and recently wind turbines are among the most popular structures constructed at these regions, which are also likely to encounter the strike of an earthquake. It is well known that when saturated granular soil is exposed to a dynamic loading, such as a seismic wave, occurrence of liquefaction and consequent loss in shear strength of soil is highly probable in most cases. Therefore, the mentioned structures are prone to failure or collapse because of possible foundation ine ciency in the lique ed soil. Some instances of destruction and failure of structures in the mentioned conditions are observed during the earthquakes of Niigata (1964) , Alaska (1964) , LomaPrietta (1989) , and Kobe (1995) . An example of tilting and damage in the pile foundation of a wharf resulted from a liquefaction event is shown in Figure 1 .
Thus, o shore/nearshore structures are built over saturated soil consisting of sand and cohesive material of low consistency, deposited along shore lines with variables advancing into the water covered area. They are normally built over piled foundations with large diameters in order to transfer superstructure's load to denser layers of the soil in a reliable way. Diameter of the previously mentioned piles is typically greater than 1 m, generally larger than those of ordinary structures are. These piles are signi cantly appropriate for resisting large bending moments and could be categorized as large-diameter piles. The coincidence of using large-diameter pile and existence of cohesive materials covering loose granular material on the sea oor in o shore and nearshore zones could introduce unknown aspects to dynamic behavior of such piles; therefore, demands are to be investigated with greater deliberation. The aim of this research e ort is to study response of large-diameter piles in di erent scenarios for o shore applications. The large magnitude of pile's diameter and the subsequent increase in the side area of pile along with kinematic forces of the soil are likely to in uence the mechanisms a ecting its behavior. Moreover, e ect of a soft layer of clay has not been completely understood on the liquefaction phenomena either, especially through numerical analyses. To achieve this understanding, several parametric studies were conducted on two possible cases of the con guration in soil layering. These cases are termed Case I, including only two layers of sand with di erent relative densities, and Case II composed of two sand layers covered with a deposit of highly soft clay. Most of the parametric studies were based on the comparison between these two cases to achieve a comprehensive understanding of the mentioned issue.
Literature review
Many researchers have made e orts to study the nature of soil liquefaction and its in uence on the behavior of structural foundations. In general, these studies can be classi ed into experimental and numerical studies. Experimental research also includes those performed in eld or laboratory. For experimental studies' section, a number of recently accomplished research studies are mentioned here brie y. Wilson [2] conducted a series of centrifuge tests on piles and their super structures in lique able soil. They realized that seismic response of a soilpile-superstructure is related to soil type, nature of earthquake, and the soil displacements. In addition to that, several studies have been conducted by Kamijo et al. [3] , Yao et al. [4] , Tokimatsu et al. [5] , Dunga et al. [6] , Tamura & Tokimatsu [7] , Han et al. [8] , Haeri et al. [9] , and Brandenberg et al. [10] .
Robust numerical methods are the powerful and economical means to capture behavior of complicated systems. In addition to the referred experimental e orts, numerical studies have been carried out by various codes and platforms. Some notable instances of such studies include: Finn et al. [11] , Tabesh & Poulos [12] , Miyazaki et al. [13] , Finn and Fujita [14] , Klar et al. [15] , Liyanapathirana and Poulos [16, 17] , Chang et al. [18] , Bhattacharya et al. [19] , Elgamal et al. [20] , Cheng and Jeremic [21] , Cubrinovski et al. [22] , Rahmani and Pak [23] , Asgari and Oliaei [24] , Sarkar et al. [25] , Bouckovalas and Chaloulos [26] , Asadi and Shari pour [27] , and Lin et al. [28] .
Elgamal and Yang [29] carried out several numerical simulations to investigate behavior of sand boils and their in uencing factors, i.e. e ect of a layer of clay. They discovered that due to very low permeability of clay covering sandy bed, rapid dissipation of excess Pore Water Pressure (PWP) is delayed and the sand can turn into a water interface and remain lique ed for a long period after earthquake. The shear strength of thin layer used in their study was even lower than static driving shear stress.
Meanwhile, there is a clear lack of research on e ect of sand boil under clay layer in di erent situations, especially in the case of large-diameter piles. Hence, in uences of sand liquefaction and boil under a thin clay layer and its e ect on the behaviour of a large-diameter pile were investigated here in detail.
Numerical framework and constitutive model
The plasticity model used in this study was developed by Parra [30] and Yang [31] based on the original framework of Prevost [32] , in which a multi-surface approach is adopted for cyclic hysteretic response [33, 34] . Yield function, f, (Figure 2 ) is selected in the following form [32] :
In the domain of p 0 0, where s = 0 p 0 is the deviatoric stress tensor, p 0 is mean e ective stress, and Figure 2 . Conical yield surface in principal stress space and deviatoric plane [31] . p 0 0 is a small positive constant, such that the yield surface size remains nite at p 0 = 0. Parameter is the second-order kinematic deviatoric tensor de ning the yield surface coordinates and m dictates the yield surface size [35] . The behavior of sandy soil is dependent on soil's relative density and in-situ stresses. Therefore, the selected constitutive law must be capable of taking into account the changes in the soil behavior with variations in its initial characteristics. Among di erent plastic constitutive laws presented for sandy soils [36] , the multi-yield surface plasticity model has been selected in this research. This model can predict the real behavior of sand in experiments accurately [37] . In this model, emphasis is placed on controlling the magnitude of permanent shear strain accumulation in sands, which is important for the evaluation of failure. The contractive, perfectly plastic and dilative phases of Figure 3 are incorporated by developing a new appropriate ow rule. Therefore, this constitutive model is accurate according to the examples and papers provided by Elgamal et al. [38] . Its calibration data are also provided. There are 10 parameters in the model, which are calibrated for di erent sti ness in sand provided in the same reference and can be assigned by the user.
For solving the governing equations of the fully coupled soil-uid medium, the matrix form of formulation is as follows:
In these equations, M, B, Q, S, and H are matrices showing shear stress, e ective con nement, and strain relationship [31] .
of mass, strain-displacement, coupling, compressibility, and permeability, respectively. Vectors f (s) and f (p) dictate the boundary conditions of model including body and surface forces in soil and uid.
Description and verti cation of the numerical model
Numerical model was created using nite-element program OpenSeesPL [38, 39] . Based on the sensitivity analyses, dimensions of the model in x, y, and z directions were selected 60, 30, and 35 m, respectively, which are appropriate to minimize boundary e ects. For the zone around the pile, mesh size was selected relatively ne, which becomes coarser by moving to the boundaries. By considering symmetry shown in Figure 4 and for the sake of simplicity and lower usage of resources, only half of the soil domain was modeled.
Two general cases were considered as representatives for common con guration of soil layers in marine environments. As illustrated in Figure 5 , Case I consists of two layers of sand with thicknesses (T h) of 8 m and 27 m and Relative Densities (Dr) equal to 40% and 70%, respectively. For Case II as shown in Figure 6 , half of the upper sand layer was replaced with very soft clay, and the characteristics of the rest of the model were the same as for Case I. Parameters of sand used in the constitutive law for the two cases are shown in Table 1 . For very soft clay, shear modulus is chosen to be as low as 1000 kPa and cohesion is selected equal to 15 kPa. OpenSeesPL uses Brick Up elements for such analyses automatically, every node of which has 4 Degrees Of Freedom (DOFs). The rst three DOFs represent soil translation in x, y, and z directions, and the 4th DOF represents PWP. Nodes were completely xed at the base of the model. The 4th degree of freedom in the nodes on the ground surface was xed to let water drain from this region. It was set \open" in the rest of the nodes in order for PWP to vary in them freely. At boundaries perpendicular to the direction of the base motion, nodes were xed in perpendicular direction and were set free parallel to the direction of wave propagation. Nodes at the boundaries parallel to base excitation were constrained perpendicular to the excitation direction and were set free to move in the motion direction. To prevent re ection of dynamic waves from boundaries of the model, mesh size at boundaries was selected relatively larger than its size at regions close to the piles. It was also considered that in dynamic analysis, the Table 2 , the basic con guration of pile was selected as follows: diameter (D) = 1 m, length (L) = 21, length above ground surface (free length) = 1 m, pile wall thickness = 1 cm, and modulus of elasticity = 30 GPa. Pile head was pinned and its material behavior selected to be linear elastic. Pile elements were connected to the surrounding soil nodes by very sti beam column elements. According to a study by Uncuoglu and Laman [40] , the pilesoil interface elements have low strengths and get to yielding immediately during earthquake. In other words, the interface elements do not have much e ects on the pile-soil response in this situation. This concept was also validated by authors in the rst steps of the current research. Superstructure mass (M) at the top of the pile was primarily selected equal to 20 tons. For sensitivity analyses, many of these parameters were altered later.
Input motions in the form of sine wave with duration of 10 sec were applied to the base of the model. Four di erent frequencies (f), namely 1, 2, 5, and 10 Hz, were chosen for the loading wave, and the wave strength was selected to be equal to PGA = 0.15 g and 0.25 g. Due to the similarity of results for pairs To verify the suitability of model in reproducing logical results, a centrifuge test carried out by Wilson [2] , named Csp3 for Event J, was selected; the responses of excess pore pressure, superstructure acceleration, and bending moment of pile were compared with those of the physical model. As shown in Figures 7 to 12, the results of the current FEM model are in good agreement with those of centrifuge tests in terms of excess pore pressure ratio, pile bending moments and accelerations. Therefore, the model is capable of appropriately predicting soil and pile responses under dynamic loading of earthquakes.
Simulation and results
Soil and pile responses were discussed in 3 sections. In the rst section, generation of excess pore water pressure and variations in its ratio (R u ) was investigated for PGA = 0:15 g. In the second section, displacements of pile were studied, and in the last section, bending moments of pile were investigated.
Excess pore water pressure
R u is a practical parameter for studying liquefaction. It is de ned as the ratio of excess pore water pressure to the initial e ective vertical stress (R u = u= 0 0v ). When R u becomes equal to 1, the soil has lique ed completely and would not exhibit any further shear strength. To investigate the variations of PWP at di erent depths in the soil, 4 points were considered. Two of the points located at z = 5 m and z = 8 m were used as representative for the behavior of the soil with low relative density, and the other two points at z = 16 m and z = 27 m represent the denser stratum. The points have been chosen so as to capture the values of PWP and their variations at: (a) one point at loose sand stratum, (b) coincidence region or interface area of the loose and dense layers, (c) near the end of the pile, (d) depth under pile toe, respectively. The mentioned points are illustrated in Figure 13 .
For evaluating the e ect of di erent parameters on the trend of variations in PWP and its distribution through soil layers, di erent gures were produced and discussed. In general, any result regarding the changes in PWP can be attributed to the variations in shear strength of the soil during liquefaction. Responses of an embedded pile in the ground could be predicted according to the gures noted above. In this study, the focus was placed on the comparative investigation and interpretation of the performance of soil and pile system in Cases I and II. By comparing the mentioned cases, a general insight into the e ect of clay cover on the behavior of system with di erent con gurations would be achievable. It may be interesting to initially compare soil responses for far-eld and near-eld conditions. Far-eld responses are very analogous to the responses in the cases without a pile. According to Figure 14 , it is clear that the presence of pile has caused uctuations in PWP. In contrast, such oscillations do not exist in the far-eld case.
Figures 15 to 18 show that R u generally tends to decrease with an increase in depth. This trend can be explained based on the dissimilarity of soil's density (and sti ness, of course) for the two distinct layers. For the upper section of the model, D r is lower resulting in larger oscillations of soil grains. As a result, the soil's structure tends to densify and pore water is forced to drain out of the soil voids. Pressure of pore water increases during this event.
Furthermore, the frequency of base excitation does not a ect the liquefaction process in the upper layer of the system (T h = 8 m, D r = 40%) based on Figures 15 to 18. According to this fact, liquefaction can occur in every part of the soil from ground surface up to z = 8 m for all cases. Therefore, occurrence of liquefaction for the upper layer (low relative density) seems to be irrelevant to the frequency of base motion.
For excitations with f = 5 Hz and f = 10 Hz, R u does not change signi cantly at deeper levels (e.g. z = 27 m). However, R u reached an approximate value of 0.5 at this depth for excitation with f = 2 Hz. This response was also observed and reported by Yao et al. [4] . They concluded that with increasing the frequency of the base motion, amplitude of vibration of soil grains decreases.
By running an eigenvalue analysis, it was determined that natural frequency of the described soil and pile system (f n ) is equal to 2 Hz. Based on the conclusion extracted from this fact, the previous paragraph, and supposing other in uencing parameters to remain unchanged, one can deduce that R u has a stronger tendency to build up for base excitations with a frequency that is equal to or less than the natural frequency of the system. Therefore, to avoid probable general collapse of pile and its supported structure, it is recommended to select a longer pile and drive it to a deeper level into the ground.
Due to higher pressure on soil elements exerted from nearby elements at deeper points, soil particles are restrained to oscillate with an imposed frequency. Hence, they can just vibrate with their own natural frequency, and as a result, the amplitude of vibration tends to reduce. This fact is derived from Figure 18 . It illustrates that prior to soil liquefaction, amplitude of vibrations at z = 1:3 m is approximately 4 times larger than its amount at z = 20 m. Based on Figure 13 , soil displacement reaches a maximum value followed by a gradual decrease at points close to ground surface. The reason can be attributed to momentum of soil mass and the direction of velocity vector for soil elements at the moment of the initiation of liquefaction. Di erent layers of soil are likely to move in di erent directions according to their velocity vectors and their directions at the beginning of liquefaction. For instance, by considering Figure 17 , it is clear that liquefaction takes place at t = 2 sec for z = 5:3 m. The direction of soil displacement for the same time is positive based on Figure 18 . Therefore, the whole soil mass placed above this level also starts to move in the positive direction at t = 2 sec. By utilizing the same logic for t = 5 sec, there exists a point located at deeper levels that has started to liquefy, while the soil mass had a negative moving direction, and as a result, the resultant direction of soil displacement observed at ground surface changed. This behavior has been observed somehow in the study of Rahmani and Pak [23] , too.
Another point obtained from Figures 15 to 18 is that the rate of increase in R u is larger for loadings with lower frequencies for a de nite depth (for instance z = 8 m). In other words, with an increase in the frequency of the base excitation, it takes longer for the soil to liquefy. Therefore, loadings with higher frequencies take longer to trigger the liquefaction in soil.
By comparing Figure 15 with Figure 16 for each of the cases, one can discover that R u increases to a higher bound in comparison to Case I for the region just below the clay cover; therefore, liquefaction happens more intensely for Case II. A physical explanation for this phenomenon can be provided by the low permeability of clay cover over granular layer. During the application of earthquake loading to soil, pore water drains from deeper point towards the ground surface. The cohesive material covering granular stratum acts as an impermeable layer against the stream of pore water and avoids rapid drainage of water. Therefore, PWP increases just below the deposit of clay. The presence of such cohesive cover has also resulted in a shorter period of time required for liquefaction. In the study of Yang and Elgamal [29] , an analogous phenomenon is observed. They investigated the e ect of placement of a thin layer of clay over a sand bed. It was concluded that the sand bed loses its e ective con nement due to low permeability of clay. Drainage of water toward ground surface was blocked and PWP could not drop instantly; so, the sand bed turned into water from surface of the ground to a depth of few meters into it. According to the discussed facts, when a typical layer of very soft or normal clay is placed over a sand stratum and soil is exposed to the base excitation, it lique es and loses shear strength rapidly. Compared with a single layer of sand, liquefaction can also penetrate into deeper regions of the ground. This will consequently a ect the embedded structures such as piles.
It is interesting to deliberate on the number of loading cycles needed to initiate a complete liquefaction. According to Figure 15(a) , for Case I, it can be observed that soil becomes completely lique ed after 4 cycles of loading, and based on Figure 15 (b), it starts only after 2 cycles for Case II. Therefore, a complete liquefaction has occurred only after a few cycles of loading. Cubrinovski et al. [41] found that for a base excitation with f = 2 Hz and PGA = 0:22 g, soil lique es completely in 4 seconds and after 6 cycles of loading. However, it should be noticed that in their study, acceleration time history has a gradual increase from zero to a maximum value. In other words, the vibration amplitude is almost equal to zero until t = 1 sec, and it reaches 0.15 g at t = 4 sec. In other words, in the rst 4 seconds, 6 cycles of loading with amplitude less than 0.15 g were applied to their model. Meanwhile, sand had a relative density equal to 50% in their research, which is more than that of the current research. To summarize the above discussion, it is reasonable that for Case I with PGA = 0:15 g, soil has started to liquefy after 4 or 5 cycles. For Case II and knowing about the governing phenomenon discussed earlier with regard to role of clay deposit, it could also be rational that complete liquefaction initiates after 2 cycles of loading according to Figure 15(b) . Figures 19 and 20 show that R u increases with time and decreases generally with an increase in depth. The point here is the recurrence of the graphs, which starts from z = 8 m and turning back nearly at z = 12 m. Therefore, R u has not only reduced at these depths, but also it has reversed. D r has changed from 40% to 70% at z = 8 m, and therefore, some sort of discontinuity or separation is inevitable at this region of ground. After the rst cycles of loading and beginning of liquefaction in the upper parts of ground, this lique ed upper layer ows over its supporting bed, inducing a higher shear strength at the region of separation. This means that the condition of soil stress at this region is located somewhere between phase transition line and failure line, and soil dilates because of shearing between the two adjacent regions. At this state, suction happens in the voids of the soil skeleton and PWP decreases, causing a slight increase in soil's strength. According to de Groot et al. [42] , when mean shear stress is large enough and sand is not very loose, mean PWP becomes negative, and e ective stress increases similar to the state of soil described here. For a homogenous soil layer that has no variation in material properties with respect to depth, such behavior is not expected and R u will decrease with depth monotonously.
For Case II and according to Figure 20 , R u increases more intensively under clay deposit. In this case, it is observed that in addition to the decrease of R u between z = 8 m and z = 12 m, a decrease in R u is also observed locally at z = 7 m. However, this reduction is not so severe and R u does not become 0 or negative as it only comes to nearly 0.5. So, in this region, no signi cant change in soil shear strength is probably expected.
Lateral displacement of soil and pile

E ect of the frequency of base excitation
Time history of soil's lateral displacement at x = 5:5 m from pile is shown in Figures 21 and 22 for di erent frequencies. Amplitude of vibrations reduces with an increase in the frequency of excitation for both Cases I and II. This reduction is in agreement with variations of R u discussed in Section 5.1.
In both cases, amplitude of oscillations of soil particles has a larger value prior to liquefaction compared to its value after liquefaction. The reason lies in the fact that shear wave traveling from deep parts of ground through soil medium is damped somewhat after liquefaction, and amplitude of soil vibration decreases, consequently. In addition, Haeri et al. [9] and Lu et al. [43] reported this phenomenon in their research.
By comparing Figures 21 and 22 , it is apparent that soil experiences higher damping for Case II relative to Case I. As discussed in the previous sections, the presence of clay layer causes the soil to liquefy faster with more intensity, which is consistent with the increase in soil damping.
Maximum displacement of pile
According to Figures 23 to 26 , the increasing frequency of base excitation causes a reduction in pile lateral displacement. By comparing the mentioned gures, it is perceivable that the pile displacement limits its upper portions with an increase in excitation frequency.
The reason for such behavior is the restriction of soil liquefaction to its upper layers with a growth in frequency. In this condition, maximum lateral displacement of pile for an excitation with f = 1 Hz is approximately 15 times greater compared to f = 10 Hz. It is also apparent that for excitations with f = 1 Hz and f = 2 Hz in Case II, maximum pile displacement is up to 50% larger than its maximum displacement in Case I. For Case II, this maximum value occurred before liquefaction, and its reason was discussed in the previous sections. 
E ect of pile length on its maximum displacement
Based on Figure 27 , changing pile length without changing its diameter has only limited in uence on maximum displacement of pile head, which is in agreement with the results of Rahmani and Pak [23] .
After the end of base excitation following the termination of imposed inertial forces of structural mass, the shortest pile (L=D = 15) has experienced large displacements at its toe. This occurs since a large proportion of pile length is embedded inside the lique ed region. Lique ed soil starts to ow and applies a large kinematic force to pile toe, which in turn causes larger movement in it. If superstructure mass is large enough, this will likely lead to total instability in the structure. Comparing L=D = 20 with L=D = 25, it is concluded that an increase in pile length from 20 to 25 m does not have signi cant impact on its displacement. Figure 28 shows the e ect of pile diameter on its maximum displacement. In Case I, the reason for the di erence in displacement patterns in piles with D = 1:2 and 1.5 m with other piles can be attributed to their larger side surface, which resists against kinematic forces. For piles with these two diameters, maximum displacement happens after deeper parts of soils are lique ed. Hence, larger forces are applied from soil to pile due to larger side resisting area of pile against kinematic forces. Actually, pile is so rigid that does not bend too much itself. However, kinematic pressure makes it displace laterally. Displacement of pile head also increases accordingly. For Case II, the same event happens. However, the di erence in the patterns is not evident, because maximum translation in pile occurs before liquefaction.
E ect of pile diameter on its maximum displacement
Depicting the maximum pile head displacements against their diameter in Figure 29 helps understand better the issue discussed in the previous paragraph. In Case II, maximum displacements of pile reduce with an increase in piles diameter, since these peak values are related to the pre-liquefaction state. This is sensible due to the increase in piles sti ness. For Case I, a slight decrease in maximum displacement of pile head is observed when diameter of pile is increased up to D = 1:2 m. Although pile gets sti er against bending with the increase in its diameter, kinematic forces acting against pile tend to increase based on the discussions in the previous paragraph. Consequently, pile's displacement increases due to the increase in its lateral surface resisting against owing soil mass after liquefaction.
5.2.5. E ect of pile free length on its maximum displacement If superstructure height from surface is altered or in other words, if pile free length is changed, pile displacements at ground surface do not considerably get in uenced due to great sti ness of piles as it can be concluded from Figure 30 .
Bending moment of pile
For investigating bending moments of pile with respect to depth, their time history diagram at z = 8 m and z = 16 m was selected as representative points for the peak value of bending moments, shown in Figure 31 for Case I with f = 2 Hz. Amplitude of bending moment and its maximum value decreases with respect to time for z = 8 m, while a contrary trend is observed for z = 16 m. In other words, peak amount of bending moment occurs in di erent times for various locations of pile length. The reason for such a manner is originated from the change in subgrade reaction factor, ground displacement, and superstructure acceleration response, according to Yao et al. [4] .
E ect of clay layer and its thickness
According to the discussions in the previous sections and the result obtained for variations of R u in Cases I and II, it can be predicted that the presence of a layer of soft clay with a variety of thicknesses could possibly a ect maximum value of bending moments. Figures 32 to 34 should be noticed for making a clearer observation.
For Case I and due to a longer period of time needed for liquefaction to penetrate deeper into the ground, pile Maximum Bending Moment (MBM) occurs at z = 18 m in t = 10 s. According to Tokimatsu et al. [5] , bending moment of piles subsequent to liquefaction is larger than its value prior to liquefaction. This probably happens due to the increase in soil shear strength produced by kinematic forces. Typically, shear forces are smaller than inertial forces prior to liquefaction; they become equal to or larger than that after liquefaction. Meanwhile, peak value of bending moment occurs once soil displacement and inertial forces are great. Period of lique ed soil is always greater than the period of superstructure; so, the e ect of pile displacement and inertial forces fall in the same phase, and thus, pile bending moments increase [5] .
Transfer of the location of MBM of pile to deeper stratums is another interesting issue to discuss. Nearly for all cases, MBMs happen after complete liquefaction and in upper parts of ground (z = 16 m to z = 18 m). For Case II with clay cover of T h = 4, the situation seems to be di erent. According to Figure 33 , MBM in pile occurred at z = 4 m before liquefaction. It can be concluded that for this case, MBM occurs due to high softness of the clay layer rather than liquefaction. However, when the thickness of clay layer is increased to T h = 8 m, MBM takes place at z = 16 m in For loadings with larger frequencies, an increase in PGA causes a greater rise in MBM, which is apparent for both cases. Based on the discussions presented in the previous sections, it is concluded that the increase of R u is of very slight amount for deeper zones for loading with greater frequencies; therefore, soil will remain stronger in terms of shear strength. However, intensi cation of PGA comes along with a greater rise in R u at such depths. Thus, substantial loss in soil strength takes place, meaning that a longer part of the embedded pile acts as free length and pile experiences larger bending moments at the mentioned zone. 25, and their maximum values occur nearly at similar depths. For L=D = 15, MBM is 20% smaller in value and is located at an upper level. However, it has been previously concluded that short pile may experience total instability due to insu cient xed length inside denser layer, and it is recommended to extend pile into denser sections of soil to reach a reliable base point. Similar results are also discovered for Case II. reason of which is severe softness of clay. However, displacement of pile for both cases becomes equal after liquefaction and sti ness of upper layer becomes a less in uencing factor in the ultimate displacements.
When f = 5 Hz, MBM of pile for the case containing a layer of sti clay increases 35% relative to soft clay according to Figure 43 .
For small frequency (f = 2 Hz in Figure 42 ), liquefaction occurs up to deeper parts in the soil. Clay does not apply notable kinematic forces to pile when it is very soft. Consequently, large moment only gets restricted to deeper parts of pile. When clay is sti er, it restrains its adjacent pile zones from a free move and a peak appears in the gure for this situation. In the case of greater frequency (f = 5 Hz in Figure 43 ), only upper zones of soil are lique ed, and hence, similar patterns are predictable for both soft and sti clays.
5.3.6. In uence of the superstructure mass By considering the entire period of loading, MBM of the pile has not been considerably a ected by the increase in superstructure mass. The reason is that maximum value of pile bending moments occurs in deeper points after liquefaction under the e ect of kinematic forces applied to upper soil layers. However, the increase of superstructure mass causes MBM to increase up to 100% at some regions near ground surface based on Figures 44 and 45 . In other words, for most cases, MBM is not a ected by the superstruc- ture mass and its value is mainly dominated by the ground kinematic forces after initiation of liquefaction. However, the mass of superstructure is very great in this study, and the increase in MBM occurs before liquefaction and is not due to liquefaction. When superstructure mass doubles, MBM will also double.
Concluding remarks
The main ndings of the numerical analyses, including the investigation of di erent parameters a ecting soilpile interaction behavior for large diameter piles considering possibility of soil liquefaction, can be summarized as follows:
If the excitation frequency is equal to or less than soil natural frequency, it will be more probable for deeper zones of soil to liquefy, in addition to the liquefaction of upper layers. Therefore, it is recommended to select a longer pile and increase its embedment length in such conditions; When frequency of excitation is high, it takes longer time for liquefaction to take place. In other words, if an excitation with high frequency is applied for a longer period of time, it can have a similar e ect on loadings with lower frequencies; When a layer of cohesive material is placed over a relatively loose layer of sand, sand layer will possibly liquefy in a shorter period of time. R u will rise to a value greater than 1 and sand loses its shear strength. Responses of an embedded pile will be intensi ed accordingly; If clay covers the loose sand bed, maximum pile head displacement could rise to 50% larger than the condition with no clay. This maximum occurs before liquefaction due to the extremely high softness of the clay layer; When a layer of soft clay soil is placed over the sand layer, MBM of the pile could possibly increase up to 45% after liquefaction, which is dependent on thickness of clay layer; Sti ness of stratum, containing cohesive material, a ects MBM and displacement of the pile. When frequency is low in the case of sti clay, bending moment gure has three peaks. However, their values are nearly equal. For higher frequencies, bending moment has a similar pattern for both cases, along with a 35% increase for sti er clay; The vibrational behavior of pile after liquefaction is under in uence of superstructure inertial forces and soil kinematic forces as well; simultaneous e ect of these two factors can cause an increase in the loads applied to the pile; Peak displacement of pile head is strongly dependent on frequency of base excitation and increases with reduction in frequency. For example, when f = 1 Hz, maximum displacement is 15 times greater than the case with f = 10 Hz; An increase in pile diameter, and subsequently its lateral area can lead to a reduction in displacement of pile head because of its rigidity. On the other hand, there will be a rise in soil kinematic forces after liquefaction due to the increase in its lateral area, which could possibly induce larger overall displacements to the pile; With an increase in the loading frequency, pile MBMs decline in general. For Case I with f = 2 Hz in this study, it is observed that MBM of pile is 230% larger compared to its value for f = 5 Hz. For Case II, it is intensi ed up to 360%; Increasing PGA from 0.15 g to 0.25 g results in a 66% growth rate in pile bending moment in loading with f = 5 Hz. This increase is only 17% for loading with f = 2 Hz; Changing pile length without altering its diameter has only slight in uence on maximum displacement of pile head. However, shorter piles may experience overall instability due to insu cient xed length through denser layer. Therefore, it is recommended to extend pile into denser regions of ground to obtain a reliable supporting point; As the peak of MBM is dominated by soil kinematic forces after liquefaction, size of superstructure mass does not tend to have a considerable e ect on MBM of pile during loading period. However, for some regions near ground surface, the increase of superstructure mass can increase MBM locally; Liquefaction of soil layers above the static neutral plane will have a minor e ect on the pile regardless of the magnitude of the liquefaction-induced settlement [44] . In the current research, liquefaction zone is always above the neutral plane and its e ect is negligible on induced axial force in the pile.
